Classically, hormones elicit specific cellular responses by activating dedicated receptors. Nevertheless, the biosynthesis and turnover of many of these hormone molecules also produce chemically related metabolites. These molecules may also possess hormonal activities; therefore, one or more may contribute to the adaptive plasticity of signaling outcomes in host organisms. Here, we show that a catabolite of the plant hormone abscisic acid (ABA), namely phaseic acid (PA), likely emerged in seed plants as a signaling molecule that fine-tunes plant physiology, environmental adaptation, and development. This trait was facilitated by both the emergence-selection of a PA reductase that modulates PA concentrations and by the functional diversification of the ABA receptor family to perceive and respond to PA. Our results suggest that PA serves as a hormone in seed plants through activation of a subset of ABA receptors. This study demonstrates that the co-evolution of hormone metabolism and signaling networks can expand organismal resilience.
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Plant hormone signals have a broad range of activity that can be made more specific via conversion to more narrowly acting molecule, as revealed by the ability of Arabidopsis to convert the highly pleiotropic abscisic acid to the more selectively acting phaseic acid in seeds expanding the adaptive plasticity of signaling outcomes.
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INTRODUCTION
Traditional views of cell signaling depict hormone perception as on-off switches wherein a particular receptor protein is activated solely by its pairing hormone. However, an increasing body of evidence suggests that hormone-receptor interactions in vivo may indeed involve dynamic interactions between a series of structurally related molecules and a suite of receptor proteins subject to spatial, temporal, and thermodynamic control. For example, in mammalian G protein-coupled receptors (GPCRs), ligand binding by receptors can trigger signals through multiple effector pathways (e.g., the G protein-and b-arrestin-mediated pathways). Several synthetic ligands were recently devised that preferentially activate receptors through specific effector pathways at the expense of others to yield biased physiologic responses (Rajagopal et al., 2010) . In the case of nuclear hormone receptors triggered during vertebrate brain development, structurally related cholic acid (CA) and 24(S),25-epoxycholesterol (24,25-EC) signal within two distinct midbrain neuronal populations, respectively, via the same nuclear liver X receptor (Theofilopoulos et al., 2013) .
The examples above utilize dissimilar chemistries, and in one case, are contingent on metabolism to generate the chemical variation intrinsic to biased signaling. Catalytic processes not only give rise to the biosynthesis of a single active hormone structure, but also yield chemically related metabolites through anabolic and catabolic processes (Seaborn et al., 2010) . Historically, the signaling properties of these associated metabolites were largely overlooked (Nambara and Marion-Poll, 2005) . However, recent studies demonstrate that some of these metabolites also possess hormonal activities and contribute to the temporal and spatial dynamics of signaling complexity within a single organism or across diverging lineages of related species (Miller and Bassler, 2001; Spann et al., 2012) .
Abscisic acid (ABA) is a sesquiterpenoid phytohormone present in all terrestrial plants examined to date . ABA plays a primary role in plants' responses to drought stress, and ABA metabolism is likely one of the prerequisites for the colonization of the terrestrial earth by plants nearly 450 MYA (Khandelwal et al., 2010) . Throughout land plant evolution, ABA signaling pathways evolved roles in regulating a number of specialized traits in particular plant lineages, e. g. cell division in the vascular cambium of vascular plants and seed maturation and dormancy in seed plants .
In plants, ABA is metabolically derived from the plastidal 2-Cmethyl-D-erythritol-4-phosphate (MEP) pathway using a highly conserved set of reactions ( Figure 1A ) (Nambara and MarionPoll, 2005) . Terrestrial plants also harbor an ABA catabolic pathway, dependent on the activities of CYP707A family cytochromes P450, namely ABA 8 0 -hydroxylases (A8 0 Hs) (Saito et al., 2004) . A8
0 Hs convert (+)-ABA to 8 0 -hydroxy-ABA, which then undergoes Michael-type cyclization to give (À)-phaseic acid (PA) ( Figure 1A ) (Saito et al., 2004) . Additional ABA catabolites, e.g., (À)-dihydrophaseic acid (DPA) and its 4 0 -Ob-glucoside (DPAG), likely resulting from reduction of the 4 0 -keto group of PA followed by 4 0 -O-glycosylation, respectively, Green and blue colors highlight steps that are conserved in land plants or appear to be unique to seed plants, respectively. PAR, phaseic acid reductase; GT, glycosyltransferase. The gene encoding the GT responsible for converting DPA to DPAG has not been identified to date. (B) Maximum likelihood (ML) phylogenetic tree of the seed plant-specific clade (Clade IX in Figure S1 ) of DFR-like NAD(P)H-dependent reductases. ABH2 is denoted with a black arrow. Known biochemical functions associated with each subclade are depicted on the right side of the tree. (C) ML phylogenetic tree of the PYR/PYL/RCAR receptor family from several terrestrial plants with sequenced genomes. The green stars next to Arabidopsis PYLs indicate differential sensitivity toward PA based on the receptor-ligand-mediated PP2C inhibition assay. The full, half, and empty stars denote IC 50 values for PA at submicromolar, micromolar, and greater than 10 mM levels, respectively. Arabidopsis genes are underlined. Bootstrap values (based on 500 replicates) are indicated at the tree nodes. The scale measures evolutionary distances in substitutions per amino acid. See also Figures S1 and S7.
were reported from numerous seed plants ( Figure 1A ) (Cai et al., 2012; Milborrow and Vaughan, 1982; del Refugio Ramos et al., 2004; Walton et al., 1973) . The ABA catabolic pathway is thought to be an important regulatory mechanism that attenuates ABA signaling, while ABA-derived PA, DPA, and DPAG are generally considered inactive ABA catabolites (Nambara and MarionPoll, 2005) . Nevertheless, literature reports imply that PA possesses ABA-like hormonal activities in some plants, ranging from regulating leave stomata closure to inhibiting seed germination (Hill et al., 1992; Sharkey and Raschke, 1980; Walker-Simmons et al., 1997) .
The ABA perception mechanism was elucidated in the reference plant Arabidopsis thaliana, wherein members of the PYR/ PYL/RCAR family serve as soluble receptors for ABA (Ma et al., 2009; Park et al., 2009) . Previous studies showed that distinct members of this receptor family exhibit varying multimeric states, binding kinetics, and thermodynamic properties when interacting with ABA and ABA analogs, as well as diverse spatial and temporal expression patterns in planta (Okamoto et al., 2013; Peterson et al., 2010; Zhang et al., 2013) . These contemporary observations indicate that the ABA receptor family underwent functional diversification during land plant adaptation concomitant with the evolution of ABA metabolism. It is possible then that certain members of the ABA receptor family respond in a differential fashion to one or more naturally occurring ABA metabolites-commonly thought to lack hormonal activity-to fulfill specific spatial and temporal demands in challenging plant environments (Peterson et al., 2010) .
Here, we report the identification of the ABA hypersensitive 2 (abh2) mutant in Arabidopsis thaliana. abh2 lacks a key enzyme in the ABA catabolic pathway taxonomically restricted to seed plants. Genetic and biochemical characterizations of the abh2 mutant plants and encoded enzyme demonstrate that an ABA catabolite, PA, serves as an attenuated ligand in vivo, and regulates a subset of ABA responses relevant to seed plant physiology in a biased-like fashion.
RESULTS
The Arabidopsis abh2 Mutant Defines a Seed-PlantSpecific Clade of NAD(P)H-Dependent Reductases To investigate the hormonal roles of ABA catabolites in derived plants, we first sought to identify the PA reductase (PAR) responsible for the conversion of PA to DPA ( Figure 1A ). We postulated that PAR belongs to the family of dihydroflavonol 4-reductase (DFR)-like NAD(P)H-dependent reductases, which contains DFR and anthocyanidin reductase (ANR), two wellstudied enzymes in flavonoid metabolism catalyzing chemical reactions similar to PAR (Hopkins and Rausher, 2011; Xie et al., 2003) . To identify potential candidate genes encoding PAR, phylogenetic analyses of the DFR-like reductase family of proteins were carried out (Figures 2A and S1 ). Because the reports about the presence of DPA and DPAG have been associated with seed plants, PAR metabolic activity was posited to be largely restricted to seed plants. Only one reductase clade, Clade IX, fulfills this criterion, represented by a single gene, At4g27250 in Arabidopsis thaliana (Figure 2A ). Therefore, At4g27250 was functionally characterized as a candidate gene encoding PAR catalytic activity.
Two independent transferred DNA (T-DNA) mutant lines for At4g27250, SALK_059799 and GABI_911D02 were obtained (Figures 2A and S2A ). RT-PCR confirmed that full-length transcripts for At4g27250 were absent in both lines ( Figure S2B ), suggesting these T-DNA insertions likely resulted in null mutations in At4g27250. Each mutant line was checked for sensitivity to exogenously added ABA using a germination test (Figures 2B-2D ). Wild-type (WT) Arabidopsis seeds germinate normally with low levels of exogenous ABA (e.g., 200 nM), but high levels of added ABA (e.g., 1 mM) inhibit seed germination ( Figure 2B ) (Hugouvieux et al., 2001; Park et al., 2009 ). This differential sensitivity was previously exploited in a genetic screen to identify the ABA hypersensitive 1 (abh1) mutant, encoding an mRNA cap binding protein involved in modulating ABA signal transduction (Hugouvieux et al., 2001) . When grown on Murashige and Skoog (MS) medium containing 200 nM exogenous ABA, both SALK_059799 and GABI_911D02 show attenuated germination and greatly reduced seedling growth compared to WT, reminiscent of the abh1 mutant ( Figures 3C, 3D , and 3F) (Hugouvieux et al., 2001) . Therefore, SALK_059799 and GABI_911D02 were renamed abh2-1 and abh2-2, respectively, and the At4g27250 locus as ABH2. The hypersensitivity to ABA during germination and early seedling development is consistent with the hypothetical role of ABH2 in ABA catabolism. More specifically, if ABH2 encodes PAR, abolished PAR activity in abh2-1 and abh2-2 might lead to PA accumulation, which in turn, may negatively affect germination directly in an ABA-like manner but with attenuated sensitivity. Alternatively, elevated PA levels in abh2 mutants may result in feedback inhibition of the CYP707A family P450s, resulting in increased ABA levels, therefore hampering germination and early seedling development indirectly.
ABH2 Regulates Plant Resistance to Prolonged Drought Stress
Aside from regulating seed dormancy, the ABA signaling pathway also mediates plant responses to drought stress . To examine whether ABH2 plays a role in drought tolerance, we generated transgenic Arabidopsis plants overexpressing ABH2 under control of the cauliflower mosaic virus 35S promoter in the WT background ( Figure S2C ). Two-week-old WT, abh2-1, and five independent lines of WT-p35:ABH2 were exposed to a 2-week drought stress regime. At the end of this regime, abh2-1 exhibited much improved drought tolerance compared to WT plants (Figures 2G and 2H) . On the contrary, all five WT-p35:ABH2 lines exhibited significantly reduced drought tolerance (Figures 2G and 2H) . Shorter term, rosette leaves from 3-week-old growth chamber grown Arabidopsis plants were collected and measured for water loss over a period of 6 hr by weighing. Leaves from the ABA biosynthetic mutant aba3 lost significantly more water than WT leaves due to their higher transpiration rate, while abh2-1 and WT-p35:ABH2 plants exhibited similar water-loss rates as WT ( Figure S2E ). Collectively, these drought stress tests suggest that ABH2 serves a role in mediating physiological responses to prolonged drought stress, with negligible impact on rapid control of leaf transpiration rate upon acute drought stress.
ABH2 Is Acutely Regulated during Seedling Photomorphogenesis
To gain more insights into the in vivo function of ABH2, we assessed the temporal and spatial patterning of ABH2 expression using transgenic Arabidopsis plants expressing a b-glucuronidase (GUS) reporter under the control of the ABH2 promoter. GUS staining was readily observed in germinating seeds 24 hr after they were moved to light following stratification at 4 C in the dark for 4 days ( Figure 3C ). The GUS staining was primarily localized in the cotyledons and upper hypocotyl, and the staining intensity diminished as seedling morphogenesis progressed ( Figures 3C-3H ). Eventually, GUS staining was barely visible in 6-day-old seedlings ( Figure 3H ). ABH2 promoter activity was apparently dependent on light, as no GUS staining was observed in dry seeds or in seeds stratified as above but plated and maintained in the dark ( Figures 3A and 3B) .
The bZIP transcription factor LONG HYPOCOTYL5 (HY5) acts downstream of multiple families of plant photoreceptors and functions as a master regulator of photomorphogenesis in Arabidopsis (Lee et al., 2007) . In a previous study, the ABH2 promoter was shown to be a direct binding target of HY5 by chromatin immunoprecipitation followed by microarray analysis (CHIP-CHIP) (Lee et al., 2007) . To examine whether HY5 is required for the proper expression of ABH2 during photomorphogenesis, the sensitivity of the hy5 mutant to 200 nM exogenous ABA during germination was tested. Indeed, hy5 phenocopied abh2, and hy5 germination was also inhibited by 200 nM exogenous ABA (Figures 2E and 2F) . Similarly, the ABH2 promoter:GUS transgene was crossed into the hy5 background. Light-dependent ABH2 promoter activity in developing seedlings was eliminated in these plants ( Figure S3 ). Collectively, these results indicate that ABH2 expression is controlled by HY5-mediated photomorphogenesis, consistent with ABH2's postulated role in ABA catabolism and emergence from seed dormancy during light-dependent seed germination and early seedling establishment.
Besides expression in developing seedlings, ABH2 promoter activity was also detected in the seed pods of dehiscent siliques and the sepals of newly opened flowers ( Figures 3I-3K ). These results suggest that ABH2 may also play a role in fruit ripening and flower development in Arabidopsis in the wild, although no obvious visual differences in these developmental processes were observed when comparing abh2 mutant and WT plants under controlled laboratory growth conditions. Finally, little ABH2 promoter activity was detected in mature leaves ( Figure 3L) . ABH2 Is Required for the Normal Accumulation of DPA and DPAG in Arabidopsis To investigate the in vivo biochemical function of ABH2 in ABA catabolism, the levels of ABA, PA, DPA, and DPAG in 2-dayold seedlings of WT and abh2-1 plants were measured by high-performance liquid chromatography coupled with tandem mass spectrometry (HPLC-MS) ( Figure 5A ). Two-day-old WT seedlings contain very low levels of PA, but much higher levels of DPA and DPAG. In contrast, abh2-1 seedlings contain significant amounts of PA but very little DPA, consistent with the hypothesis that ABH2 encodes PAR involved in the conversion of PA to DPA during early seedling development. Interestingly, abh2-1 still contains half of the WT level of DPAG, indicating that PA can still be converted to DPA and glycosylated at a reduced level even in the absence of ABH2 activity in abh2-1. This redundant metabolic activity may be mediated by one or more additional reductases present at greatly reduced levels during the seedling stage of Arabidopsis development. Despite the ectopic accumulation of PA detected in abh2-1 seedlings, the ABA level in abh2-1 remains comparable to that of WT. This observation further suggests that blockage at the PAR step in the ABA catabolic pathway does not result in feedback inhibition of ABA oxidation catalyzed by CYP707 family P450s, negating an alternative hypothesis raised earlier to explain the abh2-1 mutants' hypersensitivity to ABA during germination.
Similarly, ectopic accumulation of PA was observed in the 3-week-old rosette leaves of abh2-1 at the expense of DPA compared to WT, whereas the ABA levels are similar in WT and abh2-1 ( Figure 4A ). Notably, in both WT and abh2-1, the levels of DPAG in rosette leaves are much less than those in the 2-day-old seedlings of the same genotype, suggesting that glycosyltransferase activity responsible for converting DPA to DPAG is much higher in seedlings than in mature leaves.
ABH2 Is a Specific NADPH-Dependent PA Reductase
To assess the catalytic properties of ABH2, recombinant ABH2 enzyme was purified to homogeneity after heterologous expression in Escherichia coli. In vitro kinetic assays were carried out in the presence of saturating amounts of NADPH (0.5 mM) over a concentration range of PA sufficient to calculate steadystate kinetic constants ( Figure 4B ). ABH2 reduces PA to DPA and exhibits K M and k cat values of 1.9 mM and 0.32 s À1 , respectively, toward PA. These kinetic constants are comparable to those previously reported for a homologous member of this plant reductase family, namely grapevine ANR using cyanidin as a co-substrate (Gargouri et al., 2009 ). Moreover, substrate inhibition was observed for ABH2 against PA with a K i of 32 mM, raising the possibility that substrate inhibition may be an evolved feature of ABA metabolism ( Figure 4B ). Despite the structural similarity between PA and ABA, no measureable reductase activity of ABH2 toward ABA could be detected using a range of ABA concentrations from 1 to 500 mM. The ABH2 active site appears to have evolved sufficient substrate specificity to differentiate in vivo the structurally similar ABA and PA molecules. Finally, no activity was observed when NADH was used as the co-substrate instead of NADPH. Together, these in vitro biochemical data demonstrate that ABH2 is a specific NADPH-dependent PAR.
PA Possesses ABA-like Hormonal Activity in Arabidopsis PA is considered an inactive ABA catabolic product resulting from oxidative deactivation of ABA by the CYP707 family cytochromes P450 ubiquitously present in all terrestrial plants ( Figure 1A ) (Okamoto et al., 2006; Saito et al., 2004) . In this study, the abh2 mutants, blocked at further turnover of PA, hyper-accumulate PA, and in turn, display a range of mutant phenotypes directly attributable to enhanced ABA signaling. These results, together with prior reports (Hill et al., 1992; Sharkey and Raschke, 1980; Walker-Simmons et al., 1997) , suggest PA serves as a bona fide ABA-like phytohormone that exerts specific physiologic functions in vivo.
To systematically characterize the putative hormonal activities of ABA catabolites, we first performed transcriptomic profiling using Illumina RNA sequencing (RNA-seq) on 10-day-old Arabidopsis seedlings treated with mock solution, 50 mM ABA, PA, or DPA for 3 hr. The raw sequence reads were mapped to Arabidopsis gene models, and the normalized sequence read counts for each gene were used to infer transcript abundance and comparisons of the transcriptomic responses in Arabidopsis seedlings upon treatment with ABA, PA, or DPA relative to the mock treatment. Three hours of ABA treatment resulted in systems-level changes in gene expression in Arabidopsis seedlings, involving 2,825 upregulated genes and 1,616 downregulated genes (adjusted p value at 0.1) ( Figure 5A ; Table S1 ). Interestingly, PA treatment also induced global transcriptional changes ( Figure 5A ; Table S1 ). Most, but not all, of the PA-responsive genes also responded to ABA treatment ( Figure 5B ). Pairwise comparison of the expression fold changes of the genes involved in both ABA and PA responses further indicates that the expression levels of these genes are, in general, less altered upon PA treatment than upon ABA treatment ( Figure 5C ). Only three genes were differently regulated in DPA-treated seedlings compared to mock treatment and all exhibit fold changes of modest effect (0.5-2) ( Figure 5A ; Table S1 ). Notably, a dozen differentially expressed genes are exclusively associated with PA treatment, suggestive of gene functions uniquely regulated by PA ( Figure 5B ; Table S1 ). Interestingly, the majority of the genes in this list encode metabolic enzymes, including laccase, acylhydrolase, xyloglucan endotransglucosylase, aspartyl protease, 2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase, delta1-pyrroline-5-carboxylate synthase, methionine sulfoxide reductase, and flavin-monooxygenase. Together, these data support a model whereby PA possesses ABA-like hormonal activity in Arabidopsis. While in general, PA is less potent than ABA, it is capable of triggering expression changes of a subset of ABA responsive genes as well as a small, yet unique PA responsive gene set of its own.
To further examine the hormonal function of PA in vivo, we first overexpressed the Arabidopsis CYP707A3 gene under control of the cauliflower mosaic virus 35S promoter in the WT background ( Figure S2D ) and then crossed the transgenes from five independent transgenic lines of WT-p35S:CYP707A3 into the abh2-1 mutant background. Targeted LC-MS ABA metabolite profiling of rosette leaves from 3-week-old plants showed that WT-p35S:CYP707A3 and abh2-1-p35S:CYP707A3 plants contain higher levels of PA and lower levels of ABA than that of WT and abh2-1 plants, respectively ( Figure 4A ). WTp35S:CYP707A3 plants also contain elevated DPA and DPAG levels compared to other genotypes ( Figure 4A ), which are apparently converted from the ectopically accumulated PA by low level PAR activities present in WT. Interestingly, in contrast to the retarded growth observed in the ABA biosynthetic mutant aba3-1, which also contains greatly reduced ABA levels compared to WT ( Figures 4A and 6A ), WT-p35S:CYP707A3 and abh2-1-p35S:CYP707A3 plants are visually indistinguishable from WT under normal growth conditions, suggestive of a compensatory function for PA under conditions of low ABA ( Figure 6A ). Furthermore, qRT-PCR analyses showed that while the expression levels of two classic ABA-responsive genes, RD29B and HIS1-3 (Fujita et al., 2005) , in 3-week-old rosette leaves are significantly reduced in aba3-1, they are not altered in abh2-1-p35S:CYP707A3 ( Figure S2F ). WT-p35S:CYP707A3, which contains low levels of ABA similar to that of abh2-1-p35S:CYP707A3, and PA levels intermediate between those of WT and abh2-1-p35S:CYP707A3 ( Figure 4A ), manifests a modest reduction in RD29B and HIS1-3 expression ( Figure S2F ). Collectively, these results suggest that the ectopically accumulated PA partially exerts ABA-like hormonal functions to regulate normal growth and development in the ABA-depleted abh2-1-p35S:CYP707A3 plants. Under prolonged drought stress, abh2-1-p35S:CYP707A3 plants, which contain high levels of PA and low levels of ABA, exhibit similar drought tolerance as WT ( Figures 6B, 6C , and S4). On the contrary, WT-p35S:CYP707A3 plants exhibited decreased drought tolerance compared to WT ( Figures 6B, 6C , and S4). Given the similar ABA levels observed in abh2-1-p35S:CYP707A3 and WT-p35S:CYP707A3, the difference in susceptibility to drought stress is likely due to the different PA levels accumulated in these plants ( Figure 4A ).
Genetic manipulation of CYP707A3 expression in combination with the presence or absence of ABH2 demonstrate the ABA-like hormonal role of PA in regulating plant growth and development as well as drought resistance when ABA levels are compromised. To further characterize the physiological role of ABA metabolism in WT plants throughout the progression of drought stress, we exposed 2-week-old WT Arabidopsis to a long-term drought regime and performed ABA metabolite profiling for a 20-day drought period. In this experiment, WT plants began to manifest visible dehydration between days 8 and 12 after the last watering ( Figure S5A ). Metabolically, this Table S1. period was accompanied by significant increases in ABA, PA and DPA levels (Figure S5B) . From day 12 to 20, ABA levels dropped steadily to pre-drought levels, while DPAG levels increased at the expense of DPA ( Figure S5B ). Interestingly, PA levels increased $13-fold at day 12 compared to the pre-drought levels, and PA levels remained elevated until day 20 ( Figure S5B ). Consistent with these ABA metabolite profiles, qRT-PCR showed that CYP707A1, CYP707A2, and CYP707A3 transcripts steadily increased starting at day 12 and continued increasing till day 20, whereas the transcript levels of ABH2 increased modestly at day 20 ( Figure S5C) .
These results indicate a dynamic metabolic process involving ABA neosynthesis and turnover in response to drought stress, which likely results in a two-stage signaling response. The initial rapid increase of ABA levels likely triggers acute drought responses in plants. As drought conditions persist, ABA is catabolized to PA, which accumulates at high levels over longer periods of time to provide sustained, but likely, less dramatic drought responses. Indeed, ABA metabolite profiling of drought-treated WT-p35S:ABH2 plants revealed that PA does not accumulate to appreciable levels when ABH2 is ectopically overexpressed (Figures S2C and S2G) , concordant with WTp35S:ABH2 plants reduced drought tolerance compared to WT ( Figure 2H ).
To examine ABA metabolism during seed maturation, we performed ABA metabolite profiling as well as qRT-PCR profiling of three CYP707A genes and ABH2 in siliques and seeds at various developmental stages ( Figure S5A ). These experiments revealed that the transcript abundance of CYP707A2, CYP707A3, and ABH2 increased during silique development ( Figure S5C ), which were accompanied by modest reductions in ABA and PA levels as seeds matured ( Figure S5B ).
PA Is a Biased Ligand that Selectively Activates
Members of the ABA Receptor Family in Arabidopsis Arabidopsis encodes 14 ABA receptors belonging to the PYR/ PYL/RCAR family ( Figure 1C ), reported to vary greatly in their multimeric states and ligand binding properties toward natural and synthetic ligands Okamoto et al., 2013; Zhang et al., 2013) . Notably, two synthetic ABA analogs, pyrabactin and quinabactin, are biased ligands that selectively target only certain members of the ABA receptor family (Okamoto et al., 2013; Peterson et al., 2010) . Given these observations, we then asked, could PA serve as a naturally occurring biased ligand through selective activation of a subset of the ABA receptor family members?
To infer the evolutionary history of the PYR/PYL/RCAR family, phylogenetic analyses of PYR/PYL/RCAR family protein sequences assembled from seven sequenced plant genomes were conducted ( Figure 2B ). These analyses revealed that while the moss Physcomitrella patens contains a basal clade (clade I) of PYR/PYL/RCAR proteins, all the vascular plant species examined to date contain PYR/PYL/RCAR proteins that fall into three distinct phylogenetic clades (clades II, III, IV). It appears that gene duplication followed by sequence divergence has occurred extensively in major lineages of vascular plants. Notably, all the dimeric ABA receptor proteins, PYR1, PYL1, PYL2, and PYL3, as previously described in Arabidopsis, belong to clade III, while the monomeric ABA receptor proteins, PYL4-12 reside in clades II and IV (Dupeux et al., 2011) .
To determine whether PYR/PYL/RCAR family proteins recognize PA as a chemical signal, the receptor-ligand-mediated PP2C inhibition assay, used to assess PYR/PYL/RCAR function, was performed. Phosphatase activities of ABI1 were measured in the presence of a given PYR/PYL/RCAR protein using a concentration range of PA or ABA ( Figure 7A ). Eleven recombinant Arabidopsis PYR/PYL/RCAR proteins were tested. ABA was a more potent ligand than PA in all assays. Whereas ABA exhibits a relatively restricted set of IC 50 values ranging from 10 s to 100 s of nanomolar among members of the PYR/PYL/RCAR family, IC 50 values for PA vary over a much wider dynamic range among
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different PYR/PYL/RCAR proteins. For example, PA shows the highest inhibitory activity toward PYL3 with an IC 50 value in the submicromolar range, only 4-fold higher than the corresponding value for ABA. In addition, PA exhibits IC 50 values in the submicromolar to micromolar range toward PYR1, PYL2, and PYL4-6. In contrast, PYL1, PYL8, PYL9, and PYL11 are much less sensitive to PA inhibition, with the IC 50 values several orders of magnitude greater than the respective IC 50 values for ABA. These results suggest that PA is generally a less potent hormone than ABA, yet is likely to trigger ABA-like signaling over a wider dynamic range through select members of the PYR/PYL/RCAR family under physiologic conditions in which PA concentrations reach appropriate levels.
To further investigate whether particular PYR/PYL/RCAR receptors recognize PA as a hormonal signal in vivo, the abh2-1-p35S:CYP707A3 plants were crossed with available mutants defective in PYR/PYL/RCAR protein function, including pyr1-1, pyl1-1, pyl2-1, pyl4-1, and pyl5-1. Loss of a PYR/PYL/RCAR protein responsible for PA perception in the abh2-1-p35S: CYP707A3 background may manifest as ABA-deficient phenotypes similar to those of the ABA biosynthetic mutant aba3. Indeed, among all the crosses obtained, pyl2-1/abh2-1-p35S:CYP707A3 plants exhibited stunted growth phenotypes at the rosette stage reminiscent of aba3 mutant plants ( Figure 6A ). Moreover, pyl2-1/abh2-1-p35S:CYP707A3 plants showed decreased resistance to prolonged drought stress compared to abh2-1-p35S:CYP707A3 plants ( Figures 6B and  6C ). These results suggest that PYL2 serves as an important PA receptor in Arabidopsis, capable of sensing the presence of PA and regulating normal plant growth and development as well as eliciting physiologic responses to prolonged drought stress.
Structural Basis for Biased Hormonal Action of PA To understand the structural underpinnings for PA recognition by the PYR/PYL/RCAR receptor family, we carried out crystallization of PYR/PYL/RCAR proteins in the presence of PA. The crystal structure of PYL2 in complex with PA was first obtained ( Figures 7B-7D and S6A-S6C; Table S2 ). One PYL2 monomer resides in each asymmetric unit, with two PYL2 monomers from adjacent asymmetric units forming a symmetric dimer, similar to the previously reported PYL2-ABA crystal structure ( Figure 7B ) (Yin et al., 2009) .
Like ABA, PA binding to PYL2 induces an inter-monomer pivot of $17 relative to the dimer arrangement in the PYL2 apo structure ( Figure 7B ). This ligand-induced conformational change results in a reduced dimer interface, previously suggested to promote disassociation of the dimeric PYLs and to facilitate PYL monomer interactions with the downstream PP2Cs effectors (Yin et al., 2009) . Moreover, similar to ABA, PA also induces the closure of a loop region composed of Leu91, Pro92, and Ala93 (also known as CL2) around the bound PA ligand (Figure 7C ). This loop closure is required for the binding of PYLs to PP2Cs (Yin et al., 2009 ). In the PYL2-ABA structure, the closed CL2 loop conformation is stabilized by van der Waals interactions between the cyclic head group of ABA, the side chains of Leu91 and Ala93, and a water-mediated hydrogen-bonding network including the carbonyl moiety of ABA, the backbone carbonyl oxygen of Pro92, and the backbone amide nitrogen of Arg120 ( Figure S6A ). In contrast, in the PYL2-PA structure, the bulkier head group of PA pivots $60 relative to the corresponding atoms of ABA in the PYL2-ABA structure ( Figure S6B ). Although still sufficient for inducing CL2 loop closure, the conformational change observed with PA disrupts the water-mediated hydrogen-bonding network present in the PYL2-ABA complex, which may explain the altered sensitivity of PYL2 toward PA relative to ABA.
We next determined the crystal structures of PYL3-PA-HAB1 and PYL3-ABA-HAB1 ternary complexes ( Figures 7E and S6D-S6F ; Table S2 ). In the PYL3-PA-HAB1 ternary complex, PAinduced CL2 loop closure facilities the interaction of PYL3-PA with HAB1, causing phosphatase inhibition by blocking the HAB1 active site ( Figure 7E ). Unlike the pivoted PA conformation in the PYL2-PA complex, PA in the PYL3-PA-HAB1 complex adopts a conformation very similar to ABA in the PYL3-ABA-HAB1 complex. The cyclic head group of PA ''slides'' $0.7 Å toward Val134 relative to the cyclic head group of ABA in the structurally aligned PYL3-ABA-HAB1 structure ( Figure S6D ). This structural feature is consistent with the observation that PYL3 is the most sensitive to PA among all the PYL receptors examined in this study ( Figure 7A ).
Naturally occurring amino acid substitutions in the ligand binding pockets of PYLs have been shown to dictate receptor selectivity toward synthetic ABA analogs (Peterson et al., 2010) . For example, Ile110 in PYR1 (equivalent to Ile137 in PYL1) is substituted by Val in several other PYLs. This mutational variation appears to be key to the selective agonistic activity of pyrabactin toward PYR1 and PYL1 (Peterson et al., 2010) . Interestingly, we noticed that the sensitivity of Arabidopsis PYLs toward PA is indeed correlated with amino acid variation at this spatial position. PYLs exhibiting IC 50 values of PA less than 5 mM in PP2C inhibition assays (PYL2, PYL3, PYL4, PYL5, and PYL6) all contain Val at this position, in contrast to Ile for PYLs exhibiting IC 50 values of PA greater than 5 mM (PYR1, PYL1, PYL8, PYL9, PYL10, and PYL11) ( Figures 7A and 7G) . When examining the structural alignment of PYL3-PA-HAB1 and PYR1-ABA-HAB1, we observed that the cyclic head group of PA ''slides'' 1.25 Å toward Val134 in the PYL3-PA-HAB1 complex relative to the cyclic head group of ABA in the PYR1-ABA-HAB1 complex ( Figure 7F ). This PA orientation would be less favored in PYR1 due to significant repulsive forces resulting from the close distance, $2.7 Å , between the d methyl group of Ile110 and the 9 0 -methyl moiety of PA ( Figure 7F ).
DISCUSSION
In this study, we discovered that PA, a catabolite of ABA, can be recognized by a subset of the PYR/PYL/RCAR family of ABA receptors in Arabidopsis and thus regulates aspects of plant physiology in a fashion that only partially overlaps with ABA-mediated regulation. This selective hormonal property of PA in ABA signaling is conceptually reminiscent of biased GPCR ligands (Rajagopal et al., 2010) . This biased hormonal property of PA was previously observed in various plant species. For example, when exogenously applied to the roots of wheat seedlings, ABA fully induced the expression of PKABA1 Figure 7 . Structural Basis of the Activity of PA on Arabidopsis PYR/PYL/RCAR Receptor Family Proteins (A) ABA-or PA-mediated inhibition of ABI1 phosphatase activity by PYLs. The assays contain 0.5 mM ABI1, 1 mM PYR/PYL/RCAR protein, and a concentration range of ABA or PA. All assays were normalized to 100% ABI1 activity; 100% is defined as the ABI1 phosphatase activity measured with a given PYR/PYL/RCAR protein in the absence of ligand. Error bars represent ± SD of triplicate assays. (B) Superpositions of the PYL2 apo structure (cyan), the PYL2-ABA complex (magenta), and the PYL2-PA complex (green) based on three-dimensional alignments generated from a single protomer. (legend continued on next page) kinase, group 3 LEA, and pMA1951, while PA partially activated PKABA1 kinase and group 3 LEA, but not pMA1951 (WalkerSimmons et al., 1997) . Moreover, treating developing barley embryos with 10 mM of ABA or PA fully inhibited embryo germination and elicited the accumulation of a-amylase inhibitor and barleygerm agglutinin to similar extents (Hill et al., 1992) . On the contrary, in barley protoplasts, only ABA was capable of inducing Em gene expression (Hill et al., 1995) . The biased signaling activity of PA is also reflected by its relative potency compared to ABA in regulating certain physiologic responses. Moreover, these physiologic outcomes vary greatly among different plant species (Sharkey and Raschke, 1980) , suggesting that biased ligands with a wide dynamic range of activities such as PA may provide evolutionary routes for the facile adaptation of host plants to widely varying ecologies.
Transcriptomic profiling of Arabidopsis seedlings treated with ABA, PA, and DPA also revealed the biased hormonal activity of PA compared to ABA. PA selectively alters the expression levels of a subset of the ABA-responsive genes with the expression fold changes generally less than those induced by ABA ( Figure 5 ). In addition, PA also elicited the expression of a unique set of 12 genes not elicited by ABA, suggesting that PA regulates distinctive facets of plant physiology autonomous from ABA. The fact that metabolic enzyme-encoding genes are highly represented in this 12-gene set suggests a role of PA in regulating metabolic reprograming under specific ecological conditions. In contrast to PA, DPA exhibited little ABA-like hormonal activity in the previous studies involving tests on various plant species and organs (Kepka et al., 2011; Sharkey and Raschke, 1980) . Consistently, we also found that DPA treatment triggers almost no transcriptomic response in Arabidopsis. These results suggest that PA signaling can be effectively switched off by metabolically converting PA to DPA via the activity of PAR.
The hormonal function of PA likely results from the combinatory effects of at least three features present in the ABA signaling and metabolic systems of derived plants. First, the PYR/PYL/RCAR family of ABA receptors have undergone expansion during terrestrial plant evolution. Our results demonstrate that PA interacts with a host of PYLs over a wide dynamic range resulting in concomitant structural changes in the targeted receptor proteins ( Figure 7A ). Interestingly, widespread Val/Ile variation in one of the pocket-lining residues in PYLs appears to correlate with the sensitivity of different PYLs to PA. Notably, this Val to Ile substitution was previously reported to dictate the selective agonistic activity of the synthetic ABA, pyrabactin, which led to the hypothesis that natural variation at this position is functionally relevant in vivo (Peterson et al., 2010) . Our results corroborate this hypothesis and further indicate that natural variation and positive/negative selection at this pivotal ligand binding pocket position contribute to the biased hormonal activity of PA in vivo. Second, genes encoding different PYLs exhibit vastly different spatial and temporal expression patterns (Gonzalez-Guzman et al., 2012 ).
These disparate expression patterns limit PA hormonal function to where particular ABA/PA receptors materialize and what the local concentrations of ABA and PA are at specific locales. For example, PYL3, which is the most sensitive PA receptor in vitro, is specifically expressed in the chalazal seed coat in seeds (Figures S6G and S6H) , suggesting a potential role of PYL3 in sensing PA and/or the ratio of ABA to PA during environmental regulation of seed development. Finally, PA concentrations in the cell are modulated by CYP707-mediated conversion of ABA to PA, together with PAR-mediated PA turnover to DPA. The integration of these dynamic metabolic processes plays key roles in plant physiology, including responses to prolonged drought stress as well as seed development and germination.
The evolutionary history of terrestrial plants is marked by a general trend of increasing organismal complexity, e.g., the emergence of vasculature and flowers. The continual elaboration of body plan and life cycles of extant plants often require modification of existing signaling pathways or the emergence of new signaling mechanisms to regulate the organism's developmental program in response to external environmental cues. Our current study, focused on the ABA signaling system, portends an evolutionary model, in which a hormone catabolite was repurposed for recognition by newly emerged members of the PYL receptor family through gene duplication and selection, while a new catabolic pathway linked to the same molecule also emerged to implement an off switch ( Figure S7) . Therefore, the co-evolution of hormone metabolism and perception adds complexity to the simpler ancestral ABA hormone-signaling network and is probably central to the emergence of multifaceted physiological changes and complex organs in seed plants.
EXPERIMENTAL PROCEDURES Plant Materials and Growth Conditions
Arabidopsis thaliana plants were grown using a 16-hr light/8-hr dark photoperiod and 100 mE 3 m À2 3 s À1 at 22 C. The Arabidopsis T-DNA mutants abh2-1, abh2-2, and pyl5-1 were obtained from the Arabidopsis Biological Resource Center (ABRC) under the accessions SALK_059799, GABI_911D02, and SALK_124537, respectively (Alonso et al., 2003; Kleinboelting et al., 2012) .
HPLC-MS Quantification of ABA-Related Metabolites ABA metabolites were extracted from Arabidopsis according to a previously described protocol (Huang et al., 2007) and analyzed using a UHPLC-coupled to a TSQ Quantum Access MAX Triple Quadrupole Mass Spectrometer. D 6 -ABA (NRC Plant Biotechnology Institute Services) was added to each sample during the extraction procedure and used as an internal standard. ABA metabolites were quantitated under the selected reaction monitoring (SRM) mode.
RNA-Seq and Transcriptome Analysis
Ten-day-old Arabidopsis WT (Col) seedlings were mock-treated or exposed to 50 mM ABA, PA, or DPA for 3 hr (biological duplicates), prior to total RNA extraction using the RNeasy Plant Mini Kit (QIAGEN). Multiplex RNA library construction and Illumina sequencing were carried out at the Beijing Genome Institute (BGI). Approximately 20 million reads of 50 base pair (bp) singleended sequences were generated per sample. Raw reads were mapped See also Figure S6 and Table S2 .
onto the Arabidopsis gene model (TAIR10_GFF3_genes.gff) using TOPHAT (Kim et al., 2013) . The number of reads mapped to each gene were then counted using htseq-count, a component of the HTSeq framework (Anders et al., 2015) . Differential expression was evaluated using DESeq (Anders and Huber, 2010) .
Protein Crystallization
Crystals of the PYL2-PA complex were grown by vapor diffusion at 4 C from 1:1 mixtures of PYL2 (10 mg/ml in 12.5 mM Tris-HCl, pH 8.0, 50 mM NaCl) and reservoir solution (4 M sodium formate) in the presence of 1 mM PA. Crystals of the PYL3-PA-HAB1 or the PYL3-ABA-HAB1 complex were grown by vapor diffusion at 4 C, from 1:1 mixtures of protein solution (10 mg/ml in 12.5 mM Tris-HCl, pH 8.0, 50 mM NaCl) and reservoir solution ( 
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The accession numbers for the PYL2-PA, PYL3-PA-HAB1, and PYL3-ABA-HAB1 structures reported in this paper are Protein Data Bank: 5JNN, 5JO1, and 5JO2, respectively. The accession number for the raw reads of the RNA-seq experiment reported in this paper is Gene Expression Omnibus (GEO): GSE65739. 
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